Silicon detectors with intrinsic charge amplification implementing a n ++ -p + -p structure are considered as a sensor technology for future tracking and timing applications in high energy physics experiments. The performance of the intrinsic gain in Low Gain Avalanche Detectors (LGAD) after irradiation is crucial for the characterization of radiation hardness and timing properties in this technology.
Introduction
The ongoing preparation for the luminosity upgrade of the Large Hadron Collider (LHC) at CERN is imposing new requirements on all detector systems used in HL-LHC particle physics experiments. Especially the increased radiation hardness of the tracking detectors towards fluences up to 2×10 16 n eq /cm 2 for pixel and 1.5×10 15 n eq /cm 2 for strip detectors led to the development of new silicon sensor technologies and designs [1, 2] . Some of these upcoming detector concepts are focusing on an increased timing resolution in the order of tens of pico seconds. Further, these new tracking detector concepts need to maintain properties such as radiation hardness and spatial resolution known from existing technologies [3] .
One of these proposed technologies are Low Gain Avalanche Detectors (LGAD). For this detector technology the timing properties are expected to improve compared to regular silicon detectors due to an amplified signal caused by an intrinsic charge multiplication [4] . The challenge in this approach is to amplify the signal in a way that the overall signal to noise ratio (SNR) of the device is improving as well. This means for example that the leakage current must be kept at a low shape of the implant. The magnitude of the impact ionization depends on the electric field determined by the doping concentration and profile of the multiplication layer. This makes it possible to tune the intrinsic amplification (gain) of the detectors. The advantage of the introduced gain is an increased signal to noise ratio which is expected to improve timing properties in LGAD devices compared to regular planar sensors. In addition leads an increased signal to an improved signal-to-noise ratio (SNR) in radiation damaged highly segmented sensors where the noise is not dominated by the radiation induced leakage current [6] . Timing properties and performance after irradiation are the reason for increased interest in this technology which led to several activities within the CERN RD50 collaboration [7] .
Several lots 1 of LGAD based pad detectors have been fabricated by the Centro Nacional de Microelectrónica (CNM, Barcelona) in pdoped float-zone (FZ) silicon wafers with a resistivity > 10 kΩ cm and ⟨100⟩ crystal orientation. Two lots of LGAD sensors, both with borondoped multiplication layers with implantation doses of 1.6×10 13 cm −2 , 2.0×10 13 cm −2 and 2.2 × 10 13 cm −2 using an implantation energy of 100 keV, have been produced at CNM corresponding to the lots 6474 and 7062. Regions with high electric field at the border of the multiplication layer can cause an early breakdown in LGAD based devices. A junction termination extension (JTE) was added to the design in order to assure the operation of the detector up to a bias voltage of 1000 V. This ndoped region overlaps with the n ++ electrode and moderates the peak field at the border of the multiplication layer [5, 8, 9] . Approaches are undertaken to understand if more homogeneous amplification regions throughout larger sensor areas can be achieved by separating the amplification region from the charge collecting electrodes. This concept is implemented in the so-called iLGAD (inverse-LGAD) concept, where p-strips are implemented on the front side of the device and the amplification region on the back side [10] . A cross-section of an LGAD device is given in Fig. 1 and illustrates the structure of the multiplication layer and the JTE. The figure also shows the electrical circuit and the different laser configurations used during TCT measurements.
LGAD structure and device description
The discussed LGAD lots include pad structures with a sensitive area of 5 mm×5 mm in a 300 μm thick material. Standard n-in-p structures without multiplication layer produced on an additional wafer are also available as reference. The expected operation voltage can vary between the full depletion voltage and 1000 V. The mask design comprises optical windows in the front and back side metallization for illumination with a light source. Due to the absence of a guard ring structure in the design it is impossible to distinguish surface from bulk current contributions. This point is especially important as it was found that the leakage current in these devices can vary up to three orders of magnitude between samples produced on the same wafer [8, 6, 11] .
Measurements at different temperatures have shown that there is only little current decrease with decreasing temperature. Since bulk current scales exponentially with temperature it was concluded that the observed excess currents in some of the samples were not originating from defects in the bulk, but are rather from surface imperfections or close to surface problems of unknown origin [8] . A radiation damage study performed on these sensors showed an increased positive space charge in devices with high excess current before irradiation as compared to devices with lower current before irradiation [6, 11] . This lead to the assumption that the excess current is generated close to the front side, i. e. the n ++ p + -junction side. Since it is generated close to the front side, this additional current flowing through the amplification region and the bulk of the device would correspond to a hole current. This 1 Production lot consisting of several wafers using the same mask design. For LGAD devices it is possible that within one lot different multiplication layer doses were used. For traceability reasons each lot is associated with an unique lot number which are also used as reference in this report.
Fig. 1.
Cross-section of a LGAD pad structure illustrates the n ++ and p ++ doped readout electrodes as well as the multiplication layer. The junction termination extension (JTE) surrounds the entire pn-junction to reduce peaks in the electric field [5] . The design does not include a guard ring structure but provides optical windows for measurements with red and infra-red lasers. The layout of the TCT setup shows the three configurations that were used to perform either hole or electron injection by red laser pulses or to generate a minimum ionizing particle (MIP) like generation of e-h pairs by IR laser pulses. 
1×10
16 n eq /cm 2 current could be able to compensate the overall space charge towards a more positive space charge by hole trapping [6, 11] . Up till now neither of these assumptions about the origin of excess leakage current could finally be confirmed. Studies focusing on the properties of LGAD sensors after irradiation have been performed with samples from lot 6474 [6] . These studies included only samples with leakage currents below few μA at 20 • C before irradiation effectively excluding devices with increased leakage current. For these studies neutron, proton or pion irradiations were performed. Several samples were even irradiated in multiple fluence steps to compare the radiation hardness as a function of fluence [6] .
Samples from lot 7062 which are discussed in this paper were irradiated with reactor neutrons at the Jožef Stefan Institute in Ljubljana, Slovenia [12] and with 800 MeV protons at the Los Alamos National Lab in Los Alamos, USA [13, 14] . Table 1 summarizes the different samples indicating the type of irradiation and the collected fluence.
Transient current technique and signal formation
Earlier studies showed a significant gain degradation in LGAD devices for fluences above 1×10 14 n eq /cm 2 [6] . This behavior was attributed to a reduction of effective doping in the p + -doped multiplication layer [6, 11] , with smaller electric field at the junction and thus less charge amplification. The Transient Current Technique (TCT) was proposed to probe the depletion depth of the p + -layer as a function of (a) Electron injection [6] .
(b) Hole injection.
Fig. 2.
The two laser configurations; hole and electron injection generated by red laser pulses are shown in Fig. 2 (a) and (b) respectively. For both cases a LGAD signal is shown with an unscaled signal of a PIN diode to illustrate the difference in the signal formation and amplification. It needs to be pointed out that the increased drift time in the LGAD device versus the PIN diode at the same voltage is arising from the fact that part of the voltage in the LGAD is dropping over the gain layer. The bulk of the LGAD has thus a lower electric field in the bulk and consequently a longer charge drift time.
voltage. Here, red light ( = 660 nm) pulses with a short absorption length (∼3 μm in silicon [15, 16] ) are injected in the junction side of the device to measure the signal induced by the hole current. This signal is only visible after full depletion of the p + -layer. Measurements on LGAD samples with leakage current in the range of few μA showed that the voltage needed to deplete the multiplication layer after irradiation decreases. This effect was associated with an acceptor removal due to the removal of boron in the multiplication layer [6, 11] which would also explain the observed gain degradation. An alternative explanation for the gain degradation in LGAD devices is based on the simulation of LGAD structures which showed that the effect could be caused by charge trapping in the device [17] .
The Transient Current Technique further allows to draw conclusions about the shape of the electric field inside a sensor and about its charge collection properties [18] . In this study red (660 nm) and infrared (1064 nm) picosecond laser pulses were used to generate charge carriers in the sensor. The layout of the TCT setup in Fig. 1 shows the different laser configurations used in this study. Illumination with infrared pulses provides the possibility to simulate the sensor response to minimum ionizing particles by forming a path of electron hole pairs crossing the device. Red laser pulses injected on the front and back side on the other hand allow to study the behavior of electrons and holes individually.
Electron injection (Red laser on back electrode) allows to characterize the movement of electrons traversing the silicon bulk until they reach the multiplication layer. Once the electrons reach the junction the high peak field causes impact ionization and generates additional electron hole pairs. While all the electrons are collected, the holes start to move towards the back side of the sensor. The corresponding waveform shown in Fig. 2(a) indicates the different signal contributions as a function of time. The waveform of a PIN diode also shown in the plot can be used to determine the gain of the LGAD device.
Hole injection (Red laser on front electrode) on the other hand shows the movement of holes related to two generation mechanisms. There are holes generated directly by the laser pulse but also holes generated by impact ionization of the electrons which were generated by the laser pulse. The fact that holes are created by two mechanisms in the same time scale makes it impossible to determine the individual signal contributions. A lower gain factor compared to electron injection is expected for hole injection as part of the charge carriers are created too close to the front electrode to travel through the full amplification layer thus could not contribute to the signal amplification. The waveform in Fig. 2(b) illustrates the pulse shape variation for hole injection between a LGAD and a PIN device. Here, the area difference between the two waveforms can be interpreted as the contribution due to the amplification in the LGAD device. This is only possible since the PIN diode design corresponds to the LGAD design without the amplification layer. Also, a monitoring system for the light intensity is part of the TCT setup and was used to assure that all diodes were illuminated with the same power. Care was taken to understand the reproducibility of the laser measurements. The laser stability was measured with a commercial reference diode over a time period of 5 months. During this time a laser stability better than 3 % was confirmed. A set of 5 sensors was measured twice in the setup with a complete dismounting of the sample boards from the setup in between the measurements. The reproducibility of the obtained CCE data for the identical sensors was better than 2 % for the full voltage range. Finally, a study on 5 diodes irradiated up to a fluence of 9×10 14 n eq /cm 2 comparing beta source measurements to laser measurements was performed on the laser setup used in this work, giving an agreement of better than 6 % over the full voltage range up to 1000 V [19] .
While the typical procedure of a TCT measurement consists of a voltage scan at a fixed position it is also possible to perform scans in the XY plane (see axis in Fig. 1 ) to investigate the homogeneity of a device. The objective of the homogeneity measurements is to investigate variations in the charge collection and the gain across the surface. Voltage scans on the other hand are used to understand the growth of the gain depending on the applied bias voltage. Multiple voltage scans at varying positions allow to probe the homogeneity locally and to study the dependence on the bias voltage. The sample temperature was fixed to −20 • C for all measurements in order to exclude signal variations related to temperature fluctuations and to limit the current for highly irradiated samples. To keep the scan time at a reasonable level a step width of 120 μm was used to scan the entire surface of 5 mm×5 mm in the hole injection configuration. For electron injection and infra-red measurements a step width of 25 μm was selected to scan an area of 1 mm×1 mm.
Characterization
The characterization of LGAD devices from lot 7062 consists of current and capacitance measurements as a function of voltage (IV and CV) as well as TCT measurements using hole injection, electron injection and IR laser pulses. Measurements before and after irradiation were performed to understand radiation effects on the devices. The same measurements have been performed on an unirradiated reference PIN diode to calculate the intrinsic gain of the LGAD devices. Here, the gain is defined as the ratio of the collected charge in a LGAD device to the collected charge of the undamaged reference sensor without amplification layer.
Characterization before irradiation
A set of three LGAD devices (lot 7062) was available for investigations before irradiation. Similar to measurements mentioned earlier [6, 11] , the samples in Fig. 3(a) exhibited a high leakage current. Contrary to other measurements unexpected current steps in two of the samples appeared at about 700 V. Capacitance measurements in Fig. 3(b) revealed bias voltage ranges with high noise coinciding with the current steps in the IV measurement. TCT measurements with hole and electron injection shown in Fig. 3(c) and in Fig. 3(d) show the charge collection increase with bias voltage. The mean collected charge of the PIN diode for bias voltage values above 500 V was used as the reference charge to calculate the gain in the LGAD devices. Measurements with electron injection in Fig. 3(d) show a gain increase up to 3.8 for a bias voltage of 1000 V. As expected, the gain for hole injection in Fig. 3(c) is below the one for electron injection. This behavior is related to the fact that not all electrons created during hole injection contribute to charge multiplication. The charge measurement for hole and electron injection also show regions with increased noise corresponding to the voltage range coinciding with the current steps observed in the IV measurement. High frequency current fluctuations in the voltage range make it impossible to determine a stable baseline offset which smears the TCT signal and with it the calculated charge. As a result it was not possible to separate the collected charge from the noise causing a noticeable charge decrease in the voltage range of the current steps observed in IV measurements.
Characterization after neutron and proton irradiation
Charge collection measurements with TCT using hole and electron injection as well as IR pulses were performed on neutron and proton irradiated LGAD structures. Results as a function of the applied bias voltage are shown in Fig. 4 . For each sample a set of four measurements was performed at different positions within the optical window of the device in order to investigate charge and gain variations across the sensor surface. The four positions where selected based on an initial surface scan to identify homogeneity variations. These measurement positions were placed at a distance of more than 500 μm between each other to avoid interferences due to the laser spot size of about 10 μm.
The collected charge measured as a function of the bias voltage decreases with fluence. Up to fluences of 1×10 14 n eq /cm 2 the charge collection in LGAD devices exceeds an unirradiated PIN diode. For higher fluences no contribution to the collected charge due to amplification can be observed. Further a good agreement in the charge collection degradation between proton and neutron irradiation for hole and electron injection and IR pulses is visible. This becomes even more visible by looking at the charge collection as a function of fluence in Fig. 5 for bias voltage values of 1000 V. Still, similar gain behavior for IR pulses and electron injection can be observed. The gain observed during hole injection in irradiated samples is, as before irradiation, lower than the gain for measurements using electron injection or IR pulses.
Earlier studies on devices corresponding to lot 6474 and lot 7062 with low leakage current showed a shift of the onset of the amplification to lower bias voltages [6] . The investigated samples with high leakage current corresponding to lot 7062 show the opposite behavior. Here the onset of the amplification shifts to higher bias voltages. This becomes especially visible for the measurements performed at fluences of about 1×10 14 n eq /cm 2 where the onset of the amplification shifts noticeably compared to lower fluences. In addition a strong variation between the individual measurement positions is also visible. In case of the proton irradiated samples, a measurement at one position at 1×10 14 n eq /cm 2 does not show any amplification at all up to 1000 V. Also noticeable are the charge collection and gain variations between the IR pulse measurements performed on four different positions of the devices with a fluence of 1.36×10 13 n eq /cm 2 for proton and 1×10 14 n eq /cm 2 for neutron irradiation. For both devices the charge collection between the four different measurement positions varies in the bias voltage range from the amplification onset up to 1000 V. The delayed onset of the amplification as well as the charge collection and gain variation depending on the measurement position on the sample have not been observed before [6, 11] .
In order to assure that the measurement system did not cause any abnormalities a review of its performance was performed. This review included a comparison of the injected charge of the laser pulses as well as the temperature during the measurement. No abnormal behavior was found in the review which would explain the observed behavior during the measurement of the device.
Similar to the explanation for the abnormal leakage current in unirradiated LGAD devices the observed behavior might be explained with a contamination of the silicon lattice of the affected devices. Comparing the measured gain at a bias voltage of 1000 V as a function of fluence represented in Fig. 5 shows that the main gain decrease for both irradiation types takes place in the fluence range around 1×10 14 n eq /cm 2 . For a bias voltage of 1000 V a gain of 1 is reached between 1×10 14 n eq /cm 2 and 1×10 15 n eq /cm 2 . This means that the collected charge in a LGAD samples up to this fluence corresponds to a higher value than that in an unirradiated PIN diode. At fluences above 1×10 15 n eq /cm 2 the difference between the collected charge for electron and hole injection shown in Fig. 5(a) becomes less significant. This coincides with the fluence threshold at which charge multiplication cannot be observed any more. The results for IR pulses show a similar behavior for both types of irradiation. The only noticeable variation are the results for 1×10 14 n eq /cm 2 which show a gain difference between neutron and proton irradiation. This variation can be explained by a gradual acceptor removal which would indicate that proton irradiation seems to be more effective in removing acceptors than neutron irradiation if scaled to the same NIEL.
Gain measurement results with IR pulses and Sr90 source measurement at a bias voltage of 1000 V can be compared in Fig. 6 . While the IR pulse measurements were performed with samples from lot 7062, the source measurements were performed on samples from lot 6474 [6] covering the fluence range from 1×10 14 n eq /cm 2 to 2×10 15 n eq /cm 2 . The comparison of both lots and measurement techniques in Fig. 6 shows a good agreement in the tested fluence range. This comparison between source and TCT measurements is particularly interesting, as it demonstrates that TCT and source measurements give comparable absolute results for CCE data in highly irradiated silicon devices. An agreement that recently has also been reported in [20] and [19] where source and IR TCT measurements have been performed on highly irradiated (up to 10 15 n eq /cm 2 ) silicon diodes. No indication was found that ionization produced by beta particles and by IR light changes with particle fluence up to the fluence of about 10 15 n eq /cm 2 , while there are expectations that the absorption behavior of IR light in irradiated silicon should change for higher fluences [21] and does become significant (> 5 % increase for 1060 nm) for fluences above 2×10 15 n eq /cm 2 [22] .
The results in Fig. 6 also show an increased charge collection efficiency at the fluence of 1×10 12 n eq /cm 2 compared to the collected charge of an unirradiated LGAD sample which is used as a reference. The same effect is also visible as a function of voltage in Fig. 4. 
Homogeneity study and TSC
Results presented in the previous chapter raised questions concerning the homogeneity of the layer and the corresponding charge amplification across the sensor surface. This becomes especially important for the application in high energy physics experiments which use the induced charge for their analysis or calibration. TCT measurements with electron and hole injection as shown in Fig. 3 were performed on three Fig. 5(a) and IR pulses in Fig. 5(b) at a bias voltage of 1000 V for neutron and proton irradiated LGAD devices. The gain is defined as the ratio of the collected charge in a LGAD device to the collected charge of the undamaged reference sensor without amplification layer. Outliers shown in Fig. 4 were not considered for the analysis. unirradiated samples for bias voltages below and above full depletion. Apart from the charge loss regions observed for two samples in Fig. 3 , homogeneous charge collection and gain were measured for voltages exceeding the full depletion voltage.
While uniform charge collection could be observed for high bias voltages, inhomogeneous charge collection regions appeared for voltages below full depletion. Electron injection measurements in Fig. 7 illustrate this effect for 50 V and 200 V. Similar results have also been observed for measurements with hole injection and IR pulses even showing the same pattern. A possible explanation that this behavior was not observed before is the preselection based on the leakage current before irradiation [6] . While previous results were obtained for samples showing leakage current values below few μA, the leakage current of the samples in this study was above 40 μA. As devices with high and low leakage current were produced on the same wafer it was assumed that the implantation of the multiplication layer was not homogeneous over the entire wafer surface. These results led to additional measurements in order to determine the origin of the inhomogeneity.
Further investigating the signal shape within the inhomogeneous regions allows to determine unexpected features of the electric field. Waveforms in Fig. 8 taken at the positions indicated in Fig. 7 illustrate the electric field for bias voltages below and above full depletion. Electron injection signals corresponding to bias voltages above full depletion in Fig. 8(a) show the expected shape for electron and hole movement. The measurements A, B and C below full depletion in Fig. 8(b) also show the expected waveform for electron and hole movement. The waveform at position D on the other hand shows for the same conditions a signal corresponding to an inverted electric field indicated by the inverted gradient. In addition this inversion does not happen homogeneously but changes between the different positions and causes the variation in the charge collection across the surface. A similar behavior was also observed in earlier studies on irradiated LGAD samples [11] . TCT measurements based on electron injection performed on irradiated samples confirm these results. Waveforms at different bias voltages given in Fig. 9 for the 1×10 14 n eq /cm 2 neutron irradiated sample show a similar behavior as the unirradiated devices. For low bias voltages up to 200 V corresponds the signal shape to an inverted electric field. The signal shape for high bias voltages on the other hand shows the expected profile. The original explanation attributed the observed behavior to a modification of the space charge related to increased hole injection in the bulk after irradiation [6, 11] . Since there are no hole traps expected in the material before irradiation it becomes difficult to explain this behavior for unirradiated samples. A possibility might be the deep implantation step during wafer treatment.
Comparing the gain obtained with TCT measurements of devices before irradiation with source measurements from a different lot using the same multiplication layer doping shows no variation for voltages above full depletion up to 1000 V [6, 8] . This shows that the increased leakage current observed in the samples used in this study does not seem to impact on the gain performance above full depletion.
In irradiated devices no current and capacitance variations similar to unirradiated devices shown in Fig. 3 were observed. Since no measurements have been performed on these sensors before irradiation it remains unclear if the increased noise regions have been present in nonirradiated devices and disappeared after irradiation. Inhomogeneous charge collection regions on the other hand shifted as a function of fluence to higher bias voltages. To further investigate the inhomogeneous regions at low bias voltages which seem to be related to the inversion of the electric field, it was decided to perform thermally stimulated current (TSC) measurements on unirradiated devices with low and high leakage current. Unfortunately it was only possible to use samples from a second wafer of lot 7062 as no further unirradiated devices with low leakage current were available.
During the measurements the devices were biased at 100 V while the sample temperature was decreased to 20 K. Selecting a bias voltage above full depletion leads to empty charge traps when the minimum temperature is reached. In order to fill the charge traps a bias voltage is applied in forward direction. In this case a current limit of 1 mA was selected to avoid damaging the sensor. The filling step was applied for 200 s before the bias voltage was set again to 100 V. By increasing the temperature and measuring the leakage current, it becomes possible to determine the energy level of a charge trap. For this study the temperature of the device was increased by 10 K/min. Subtracting the leakage current in the unfilled state from the leakage current after filling allows to determine if a device contains defects and to draw conclusions about the type of defect.
The results in Fig. 10 show the measurements for samples with low and high leakage current. The one with low leakage current shows the expected low TSC signal which indicates that the device does not contain any defects. The sample with the high leakage current on the other hand shows a peak in the TSC signal at around 40 K. This behavior corresponds to charge traps in the silicon lattice which are not supposed to be present in unirradiated devices. As both samples were not irradiated a contamination of the wafer could be a possible reason for the increased leakage current. The observed defect level is too shallow to be responsible for the increased leakage current of the devices, but indicates that unwanted impurities or defects have been introduced into this specific production lot. The origin of the excess current in unirradiated devices remains unclear.
Preliminary tests have been performed on pad structures produced in the LGAD lot following lot 7062. Lot 7859 has been produced with a new mask file that implements pad structures with different sizes but also guard ring structures. The analysis of leakage current and TCT measurements performed on unirradiated samples from lot 7859 did not give any indication for inhomogeneous charge collection nor an excessively high leakage current. A set of 3 mm×3 mm samples was irradiated with protons in the CERN PS irradiation facility [23] and is available for the characterization with TCT and source measurements.
While the origin of the contamination in lot 7062 remains unclear, it can be assumed that a similar contamination is also the origin for the increased leakage current behavior in lot 6474. For both lots samples with increased leakage current showed an unexpected bias dependent type inversion as well as a fluence dependent onset voltage for the amplification. As no gain variation could be observed for samples with low and high leakage current it can also be assumed that the contamination in samples with high leakage current does not affect the charge multiplication and with it the gain of the device.
Conclusion
Neutron and 800 MeV proton irradiated LGAD based silicon pad detectors with a multiplication layer dose of 1.6×10 13 cm −2 corresponding to a gain of about four have been investigated before and after irradiation. The focus was directed towards the intrinsic charge multiplication and gain of the devices based on TCT measurements with hole and electron injection as well as IR pulses. It was shown that the collected charge at a fluence in the order of 1×10 15 n eq /cm 2 corresponds to the charge of an unirradiated silicon PIN device. For higher fluences in the order of 1×10 16 n eq /cm 2 the gain corresponding to an unirradiated PIN device already fell below a value of 0.5. Comparing the results for neutron and proton irradiation but also with previous measurements in the fluence range below 1×10 15 n eq /cm 2 showed that the effective acceptor removal works faster for charged hadrons [6] .
An increased leakage current observed in devices from two lots was investigated using the TSC method and was potentially attributed to a contamination in the silicon which led to inhomogeneous regions within a device. This contamination is also a possible origin of the type inversion and the amplification onset shift towards higher bias voltages observed in these devices. Nevertheless it remains necessary to investigate this behavior on irradiated LGAD structures of future lots. Preliminary measurements performed on a new LGAD processing lot performed at CNM including an enhanced pad structure design with a guard ring structure did not show an increased leakage current and no inhomogeneous regions within the device.
